and also for high spatial resolution measurements by the introduction of the BOXCARS technique. 3 With these improvements the CARS technique has been used in several real-world combustion applications; see, e.g., Refs, 4-7. In this Letter we report on what we believe to be the first CARS measurements in a full-scale (10 X 10 m) coal fired boiler. Reports have previously been made on a semi-industrial oil furnace. 8 Before going into the experiment in detail, a brief account of the basic CARS concept will be given. For a more compre-hensive review we refer the reader to Refs. 9-11. In the normal CARS approach two laser beams at frequencies ω p and ω s are crossed and focused in the combustion zone. When the frequency difference ω p -ω s is equal to a molecu lar vibrational (or rotational) energy splitting which is Ra man active, a CARS beam is created through the interaction of four photons through the third-order nonlinear suscepti bility χ (3) . In addition to the frequency requirement of the laser beams for CARS generation, the phase-matching con dition has to be fulfilled. The easiest way to do this in gases, which have almost zero dispersion, is to use a collinear ap proach; i.e., the two laser beams are superimposed and have identical pathways. The drawback with this approach is that the spatial resolution is low. As has already been men tioned, this problem was solved by Eckbreth through the introduction of the BOXCARS concept, 3 where the laser beams are split up and CARS generation only occurs from the region where the beams cross.
The CARS signal at ω AS = 2 ωp -ω s is generated as a new laser beam from the focal region, and by using a simple aperture discrimination against even a hostile environment can be achieved.
The CARS experiment reported in this letter was carried out at a coal fired boiler which provides heat to a district in southern Sweden. The boiler, which was constructed about thirty years ago, has a total capacity of more than 150 MW heat at full load. To be well prepared for CARS experiments over the long distance involved with this furnace (10 m), preliminary experiments were performed in the laboratory, where signal strength and spatial resolution were investigat ed for collinear CARS and USED CARS and for different beam diameters and focusing conditions. These tests re vealed that the choice of lens to be used in the beam expander and the position where the laser beams hit the front lens were critical; e.g., with a small concentric lens position in the beam profile, astigmatism was introduced which lowered the CARS efficiency dramatically. During the experiments it was found that the best choice was to use collinear CARS with the laser beam expanded by a factor of 3 to a beam diameter of ~3 cm by using one negative and one positive lens, ƒ = -7 cm and ƒ = 20 cm, respectively, in the beam expander. The laser beams were then focused with an inex pensive spectacle lens, ƒ = 5 m.
With the laboratory experiences in mind a movable CARS table was built, as shown in Fig. 1 . A Quanta-Ray DRC-lA Nd:YAG laser was used as a pump laser producing ~25O mJ/pulse at 10 Hz and 532 nm. Fifty percent of this green beam was split off and served as a pump beam at ωp in the CARS process, while the other 50% was used to pump a Quanta-Ray PDL-1 dye laser producing the Stokes beam at ω s . For probing N 2 molecules a ω s value corresponding to 607.3 nm was used, and in our setup the laser power at this wavelength with rhodamine 640 dye was ~25 mJ. The two beams at ωp and ωs were combined on a dichroic mirror, expanded, and focused with the beam expander and lens described above. The N 2 CARS signal at 473 nm generated from the focus was isolated with a dichroic mirror, transmit ting blue and reflecting green and red radiation, followed by a set of Corion low-pass filters. As detector either a PARC OMA2 optical multichannel analyzer or a PMT EMI 9558 was used at the exit plane of a home-built spectrograph, f /10, 2 Å/mm. During the laboratory experiments it was found that 90% of the CARS signal was generated from <50 cm.
The coal furnace where the CARS experiments were carried out was 10 X 10 X 30 m and consisted of 3 X 3 individual burners. The coal is injected as a fine powder, and the consumption is ~500-600 tons of coal per day. The furnace looks completely opaque, and it was barely possible to look into the furnace with the naked eye because of the intense glow of the coal particles. In Fig. 2 the experimental CARS setup and the coal furnace with the nine burners are shown. The CARS setup was placed close to the furnace, and the laser beams were directed through a hole in the furnace wall (ø ≅ 10 cm), which gave optical access to the furnace. Fortunately, the furnace had two holes which gave a straight line of vision through the furnace, which is necessary in CARS experiments. To protect the optics from dust and also for safety reasons all laser paths, before and after the furnace, were sealed with plastic tubes. To eliminate the risk of CARS generation from cold air outside the furnace, a GG 495 Shott long-pass filter was placed just before the laser beams entered the furnace. Fortunately, at the beginning of the experimental run the power plant was out of order, which made it possible to carry out the beam alignment more simply. This meant that when the furnace was running the laser beams were aligned so that both the green and the red beam could be seen at the exit hole of the furnace. The beam transmission through the furnace was measured and found to be ~5%, and the laser beam appeared as a diffuse dancing spot with a sort of speckled pattern changing from shot to shot.
The first CARS experiments were carried out with a broadband dye laser and multichannel detection. However, it was not possible to detect any CARS signal using this technique. Instead a narrowband dye laser approach was tried, where the laser power at 607 nm with a bandwidth of ~0.4 cm -1 and measured just before the furnace entrance hole was ~6 mJ, while the power of the 532-nm beam here was 40 mJ. (The relatively low laser power measured here, compared with those stated in the laboratory experiments, was mainly due to malfunctioning of the laser. However, losses in prisms used for directing the laser beams to the position of the furnace hole also contributed.) Now a CARS signal was clearly detected on the OMA console. To obtain a scanned CARS spectrum a photomultiplier was used as a detector, and a PARC model 4402 signal processor with a model 4422 gated integrator with a time window of 20 nsec was used. In Fig. 3 a CARS spectrum a from N 2 molecules in the furnace is shown illustrating the fundamental band υ = 0 → υ = 1. For comparison a computer generated CARS spectrum at 900 K is shown in Fig. 3b . The peak signal intensity in the CARS beam was ~50 mV/pulse with the actual high voltage on the photomultiplier tube, which ap proximately correspond to on the order of 100 detected pho tons/pulse.
The computer generated CARS curve in Fig. 3 is not achieved by a fitting procedure. It is obvious that the condi tions in the furnace change very rapidly, so that during the scan time the temperature also changes. This phenomenon makes the CARS curve look cooler, since a cool contribution is weighted stronger than a warm one.
The time constant when recording the spectrum a shown in Fig. 3 was 1 sec, and the recording was completed in 2 min. It was found that the intensity of the CARS signal exhibited large pulse-to-pulse fluctuations. To illustrate this, 10 4 sin gle shots were recorded by using the time histogram function on the BOXCAR integrator. Similar distributions for the green and red laser beam were measured before and after the furnace, and the results are summarized in Table I .
As can be seen in Table I the CARS beam intensity exhib its large pulse-to-pulse fluctuations. However, these fluctu ations are mainly due to those in the laser beams. Ideally, following the square and linear dependence of the green and red laser beam on the CARS process, the numbers stated above would give a fluctuation in the CARS beam of 44%.
The surprisingly large fluctuations in the two laser beams before the furnace were mainly due to a leaking Q-switch in the Nd:YAG laser cavity. A burnt dye-amplifier cell also contributed to the bad dye laser performance. Laboratory measurements in later experiments gave a pulse-to-pulse fluctuation at 607 nm of 6%. 12 This Letter shows that it is clearly possible to make CARS measurements even in the aggressive and heavy particleladen environment that a full-scale coal furnace constitutes. Before doing the experiments several potential problems were recognized, e.g., vibrations in the ground, problems with optics and electronics due to the dusty environment, beam attenuation in the furnace, and beam steering effects. None of these effects was experienced as being too severe. The dusty environment was protected by using plastic sheets over all electronics and optics including the laser system. It seems that the considerable beam attenuation is the most difficult problem to handle. The conclusion that the beam steering effect was not experienced as too severe is based on comparisons with the numbers in Table I and those mea sured in the laboratory under well-controlled conditions.
As has been mentioned, the CARS signal was too low to be detected using a broadband dye laser. We think that the signal strength can be increased so that single-shot measure ments can be performed by: (a) Increasing the laser power for both the green and red beam. A practical limit for the highest laser power that can be used is when laser-induced breakdown occurs at the focus. For these large particles (~100 μm) the threshold for laser-induced breakdown is decreased by ~2 orders of magnitude compared with clean air. 13 (b) Using lenses with longer focal lengths in the beamexpander and also easier adjustment possibilities for their positions, this in order not to introduce astigmatism. (c) Using a focusing lens with high optical quality.
In the case of a too low signal for broadband CARS opera tion, an alternative could be to use a two-color dye laser as demonstrated in Ref. 14. Here a wedge is placed in the dyelaser cavity, refracting half of the expanded dye-laser beam, thus producing an additional wavelength. Then one wave length is tuned to a rotational transition in the fundamental band, υ= 0 → υ = 1, while the other wavelength is tuned to the hot band, υ = l→ υ = 2. This approach would yield a CARS signal intensity of the same order as shown in Fig. 3 , thus making single-shot temperature and probability distri bution function (pdf) measurements possible.
The present letter is a result of a project aimed at investi gating the applicability of CARS in industrial burners. We have carried out experiments in several large-scale burners (oil, heavy oil and coal). The results, and further experi mental details from this project will be given in a future publication (15) .
